Abstract
I. INTRODUCTION
ROM 1990s, the digital television broadcast has begun and has been replacing the analog television broadcast. In 1998, the first digital terrestrial broadcast using Digital Video Broadcasting, DVB was broadcast in England and has spread through the world. The resolutions of digital broadcast streams are 720 × 480 or 720 × 576 for standard definition television (SDTV), and 1920x1080 for high definition television (HD TV). The latest digital TV set-top box (STB) equipped with hard disk, called as a personal video recorder (PVR), allows digital recording of broadcast TV streams. Thus it will be convenient if PVR users are provided with a variety of advanced features such as video browsing, video editing, content-based video retrieval, and skip-play, all of which can be efficiently implemented by first detecting scene changes. But since a PVR still has a low-powered CPU, the scene change detection algorithms with high computational complexity cannot be implemented in software unless they are implemented in a special purpose hardware chip.
A number of scene change detection methods have been proposed. Some of them are based on the correlation of consecutive frames [1] - [2] . Nagasaka and Tanaka [1] sums, sum of gray-level differences, difference of gray-level histograms, colored template matching, difference of color histograms and χ 2 comparison of color histograms. Otsuji et al. [2] use brightness difference of histograms and pixels between successive frames. Since these methods are based on the processing of pixels in the spatial domain, they are computationally expensive if they are applied to MPEG-2 compressed video streams due to the need for the inverse discrete cosine transform (IDCT)
In order to reduce the high complexity caused by IDCT, the approaches for scene change detection in MPEG compressed domain have been developed in [3] - [5] . Meng et al. [3] use the variance of DC coefficients and motion vectors to analyze scene changes. Zhang et al. [4] count the number of valid motion vectors in predictive-coded pictures or P-pictures and bidirectionally predictive-coded pictures or B-pictures. Yeo and Liu [5] use DC image sequences to analyze scene changes. They experiment with pixel-based difference and histogram difference of DC images of successive frames. These approaches are faster than the frame-based approaches, but they are not still suitable for a low-powered PVR.
Fernando et al. [6] use the macroblock prediction statistics of B-pictures. Seong et al. [7] simplify the Fernando's method to apply to a hard disk drive embedded digital satellite receiver. Although these methods require much less computations than other methods, it is still difficult to be efficiently implemented in a low-powered PVR due to the need for parsing macroblocks in B-pictures, especially for HDTV video streams that have about six times more macroblocks than SDTV video streams. Moreover, they cannot be applied to the high quality video streams which consist of only I-pictures and P-pictures without B-pictures.
Sethi and Patel [8] use the luminance histogram difference of the DC coefficients of successive I-pictures. It is much faster than the above methods but less accurate.
It is observed, by the extensive analysis of a number of digital broadcast MPEG-2 video streams, that the use of histograms of I-picture reduced by a factor of four is practically enough to detect scene changes. Further, the use of I-picture alone will not cause a problem on playback since a PVR usually starts to decode and play starting from the first Ipicture next to the scene change although the scene changes can occur in P-picture or B-picture. Since every I-picture is marked in a number of commercial PVRs for the purpose of fast forward and skip-play, its location can be easily found from the recorded streams. Thus, based on this observation, we propose an efficient scene change detection method in this paper.
The paper is organized as follows. In section II, we propose a PVR system with an efficient scene change detection F algorithm. In Section III, we present the experimental results. We conclude the paper in Section IV.
II. PROPOSED ALGORITHM
In this section, we present a personal video recorder system with a scene change detector that is based on reduced images of I-pictures by a factor of four.
A. Personal Video Recorder
A PVR with a large amount of storage, which receives and records digital broadcast streams in the form of MPEG-2 transport stream, is rapidly getting popular. Thus, there will be a strong demand for the efficient browsing of the large amount of recorded videos. Currently available PVRs comprise a lowpowered CPU, an MPEG-2 decoder, and local storage as shown in Fig. 1 . A digital television stream is received from a tuner in MPEG-2 transport stream. A demultiplexer separates MPEG-2 PES (Packetized Elementary Stream) or elementary stream from a transport stream and transfers the separated streams to the MPEG decoder which decodes both video and audio stream. The MPEG-2 PESs or elementary streams can also be stored into the local storage upon user's request. A scene change detector can detect shot boundaries in order to provide users with features such as browsing while the stream is recorded. If a user wants to play back the stored stream, the stream is sent to the MPEG decoder, which decompresses it to play.
PVR systems can adopt an index structure for video to provide useful functionalities such as skip play, fast forward, video browsing, and so on. Fig. 2 shows two examples of index structures . Fig 2(a) illustrates a block-based index structure. The index including the picture type, block size, and any other useful information can be located in front of each block of the stored stream in the form of block header. Alternatively, a separate video index file shown in Fig 2(b) can be generated concurrently while the stream is recorded. Each of the index blocks corresponds to a picture block in the stored MPEG-2 stream. It contains the information about picture type, byte offset and so on.
Since the I-picture is different from the predictive picture (P-picture or B-picture) in that it can be decoded by itself without any reference pictures, and most of the available PVRs start playing the stream from the first I-picture, the index may have the information about I-pictures including the scene changes. 
B. Generation of Reduced Images
Digital broadcast streams are transmitted in the form of MPEG-2 transport streams of interlaced scanned videos and a PVR starts displaying the stream from I-picture. The proposed scene change detector first generates the reduced images only from the I-pictures by a factor of four.
In the case of interlaced scanned video, one frame picture consists of two images called top field and bottom field obtained at the different instants of time. The MPEG-2 video standard supports the mixture of frame-mode and field-mode macroblocks. A field-mode macroblock has normally larger motion than a frame-mode macroblock. Therefore, we construct the partially decoded reduced images with two different ways according to the macroblock coding type.
1) Frame-mode macroblock
Even though top and bottom field in a frame-mode macroblock are obtained at the different instants of time, it usually contains small motion. Thus, we reduce a frame-mode macroblock by averaging each field. In Fig. 4 , each 8 × 8 DCT block in a frame-mode macroblock is represented as X i and each of its corresponding 8 × 8 pixel blocks is depicted as P i , where i = 0, 1, 2, 3. Let R i denote 2 × 2 reduced block from P i . Then, the reduced block R i can be written as 
2) Field-mode macroblock
In a field-mode macroblock, upper 8 × 8 DCT blocks and lower 8 × 8 DCT blocks correspond to top field pixels and bottom field pixels, respectively. Fig. 4 shows the relationship between each 8 × 8 DCT block (X i ) in field-mode macroblock and 8 × 8 pixel block (P i ) where i = 0, 1, 2, 3. Since a fieldmode macroblock is related to large motion, we do not average each field. Instead, we use only either top field blocks or bottom field blocks. For example, when only top field blocks are used, two upper 8 × 8 blocks representing top fields in a macroblock are reduced to two 4 × 2 blocks by reducing the horizontal resolution by four and the vertical resolution by two. Then, the 4 × 2 reduced block R i is as follows. Fig. 6 shows two different ways to reduce a macroblock dependent on the macroblock coding type. By using only either top field blocks or bottom field blocks in field-mode macroblock, artifacts such as blurring are avoided when there is a rapid motion between top and bottom field. Hence, it helps detecting field-overlapped shot boundaries as shown in Fig. 7 . 
C. Scene Change Detection
Since the current PVR system has very low-powered CPU, it is desirable to extract a very simple feature vector from the reduced image for scene change detection. Accordingly, we generate the color histograms, H n , for both luminance and chrominance from the n-th reduced image. In our experiments, each color channel is uniformly quanitzed to 16 bins of luminance channel and 4 bins of two chrominance channels, resulting in a 256-dimensional color feature vector. The L 1 distance of the histogram is defined as follows:
where 0 ( ) 0 H k = for 0 255 k ≤ ≤ . Finally, we get the scene changes S using a threshold T of the distance of histogram:
where N is the number of I-pictures.
III. EXPERIMENTAL RESULTS
To evaluate the performance, we tested our proposed algorithm with a number of MPEG-2 video streams on a system with 1.7 GHz Pentium CPU and 1 GB memory as well as on a commercial PVR with 150 MIPS PowerPC CPU, 16 MB memory and the embedded Linux. We used three MPEG-2 streams that are all about 10 minutes long and interlaced coded with 720 × 480 and 15 frame GOP.
We implemented Seong's algorithm [7] based on counting the motion vectors, and Sethi's algorithm [8] of the histogram difference of DC coefficients in I-pictures to compare with our algorithm. Note that the method in [8] is based on frame DC images and is modified in order to be applied to field DC images in this paper. Table 1 shows the shot detection accuracy. From Table 1 , it is observed that the accuracy of our algorithm is better than those in [7] and [8] . Table 2 and Table 3 present the processing times on a PC system and on a commercial PVR system, respectively. The proposed scene change detection algorithm appears about two times faster than the method in [7] and is not much slower than the approach in [8] . From these experimental results, it is found out that our algorithm is fast and efficient.
The results of shot detection for three SDTV streams are shown in Figs. 8-10 .
We also tested our algorithm, Seong's algorithm and Sethi's algorithm with a 4-minute-long 1080i HDTV stream. Our method takes 36 seconds whereas Seong's takes 74 seconds and Sethi's takes 28 seconds on the PC system. We found out that Seong's method does not work well for HDTV streams containing the large number of motion vectors and field-mode macroblocks. Table IV and Fig. 11 show the result of our algorithm for a HDTV stream. Since the tested HDTV stream contains a large number of camera motions and non-abrupt scene changes such as dissolve and wipe, it is hard to find accurate scene changes. Fig. 11(c) shows a false detection due to the fast camera motion. Thus, we can see that our algorithm yields higher values of both precision and recall than Sethi's algorithm with similar speed. For an application of the proposed PVR system, we have implemented the real-time scene change detector shown in Fig.  1 on a HDTV PVR system with 200 MIPS CPU and 64 Mbyte memory. In the system, the scene change detector generates an index file which consists of the information about the position of I-pictures and scene changes. Fig. 12 shows the storyboard using the real-time scene change detector. The scene change detector finds and partially decodes the I-pictures from the recorded stream, detects scene changes, and generates an index structure while the stream is recorded. 
IV. CONCLUSION
In this paper, we have proposed an efficient scene change detection algorithm suitable for a low-powered PVR. The algorithm is based on the histogram difference of the partially decoded intra pictures. The experimental results with both SDTV and HDTV broadcast streams show that the proposed algorithm yields more accurate and reliable results than the method in [7] , and is two-times faster. Our algorithm also gives better results in terms of precision and recall than the algorithm in [8] with similar complexity.
Our algorithm can be applied to a large number of PVR applications including fast forward, skip-play and video browsing that are based on scene cut detection.
